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a b s t r a c t
Low temperature measurements of speciﬁc heat and magnetic properties were performed on granular
Cu90Co10 ribbons prepared by melt spinning technique. The thermal and magnetic behavior of an as-
quenched sample is compared to that of an annealed sample at 500 1C for 1 h. It was found that the
electronic speciﬁc heat γ decreases about 50% and the magnetic properties change from spin-glass to
superparamagnetic with the annealing process. These results are interpreted and discussed considering
the role of isolated Co atoms in the RKKY interaction among small nanoparticles.
& 2014 Elsevier B.V. All rights reserved.
1. Introduction
Since Néel's pioneering work, the magnetic properties of ﬁne
particle systems received considerable attention, with both techno-
logical and academic motivations. The physical and chemical
properties of nanoparticles (NP) can be dramatically different from
those of their bulk counterpart [1–3], for example, below a critical
size magnetic particles become single domain particles, as opposed
to multi-domain species in the bulk structure. In addition, NP
composites exhibit interesting phenomena such as large magne-
toresistance, superparamagnetism, and spin-glass like transition [4].
Both theoretical and experimental studies have recognized that
magnetic interaction among nanoparticles plays an important role
on the magnetic features of ﬁne particles [2,4–6].
When the interparticle interactions are negligibly small in
comparison to the anisotropy energy, the magnetic properties of
the nanoparticles are well described within the superparamagnet-
ism framework developed by Bean and Livingston [7]. According
to this framework, a gradual blocking of the nanoparticle magnetic
mono-domain moment is expected as the temperature decreases.
For weak interactions, the blocking of each magnetic moment can
still be considered individually, but the blocking process occurs in
a temperature higher than that expected for noninteracting
systems [1,8,9]. However, for strong interactions, a superferro-
magnetic (SFM) state or a superspin glass (SSG) state has been
proposed by several authors to account for the low temperature
phenomena observed experimentally [3].
Regardless of the systems, the intensity of interparticle interac-
tions is determined mainly by the concentration of nanoparticles [8].
Recent results suggest that the dipolar interaction may lead to the
SFM state involving a group of NPs within a volume deﬁned by a
correlation length, as opposed to the formation of a spin-glass-like
phase. Based on a simple modiﬁcation of the random anisotropy
model (RAM) which takes into account the concentration and size of
the nanoparticles, as well as the ﬁeld dependence on the correlation
length, Nunes et al. [6] developed a quantitative analytical expression
relating individual and collective properties for a wide range of
concentrations of NPs. This model predicted a SFM state and has
been successfully applied to interpret experimental observations for
different interacting NP systems.
On the other hand, some results suggest that the Ruderman–
Kittel–Kasuya–Yosida (RKKY) interaction between nanoparticles
dispersed in a metallic matrix can be strongly enhanced by the
presence of magnetic solute atoms and thus can lead to the SSG
state at low temperature. Although these properties have been
demonstrated by means of ac susceptibility and memory effect
measurements [10,11], the effects related to the size of nanopar-
ticles on the rising SSG state have been neglected by the authors.
In fact, although the morphology of a granular system consisting of
magnetic precipitates in metallic matrix plays an important role
on the macroscopic behavior, in general, it is very difﬁcult to use
electron microscopy to identify magnetic granules or magnetic
solute atoms in a metallic matrix [12]. For instance, the interesting
morphology of nanogranular Co–Cu alloy has been mostly identi-
ﬁed based on their magnetic properties. Moreover, such systems
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have been used in developing suitable quantitative procedures to
understand the magnetic properties of nanoparticles [4,9,13].
Many studies have been performed on these samples, with
deﬁned heat treatments and using local probe experimental
techniques, e.g. absorption ﬁne structure spectroscopy (XAFS)
[14], 59Co nuclear magnetic resonance (Co-NMR) [15], probe-ﬁeld
ion microscopy [12] and other standard methods; but up to date
no results on speciﬁc heat measurements were reported. In this
work, we show that by using speciﬁc heat data in addition to
magnetic measurements allows us to determine experimentally
the volume fraction of Co solute atoms in melt-spun Co–Cu solid
solution and its role in the establishment of the SSG state at low
temperature. We observed that solute Co atoms increase the
intensity of RKKY interaction among Co nanoparticles, giving rise
to a spin-glass like state for the ensemble of nanoparticles with
small magnetic moments.
2. Morphology of the samples
The Cu90Co10 samples were produced at the Istituto Elettro-
tecnico Nazionale Galileo Ferraris (Torino, Italy) by melt-spinning
technique. The structural and the morphological characterization
of the samples by X-ray diffraction (XRD), transmission electron
microscopy, XAFS, magnetic and transport properties have been
published elsewhere [14–16]. In summary, the XRD pattern
obtained from the as-quenched sample has the same diffraction
lines observed for a pure as-quenched Cu ribbon sample, but with
a lattice constant smaller than pure bulk Cu and larger than pure
bulk Co, indicating that the very small Co rich particles or Co
clusters embedded in the Cu matrix preserve the original Cu fcc
structure [16]. The local structural properties were studied by
Panissod et al. [15] by means of 59Co NMR experimental technique.
This study revealed two main structural components for the
as-quenched sample: small, irregular, strained Co particles (blocking
temperature of about 150–200 K) and a composition modulated
CuCo alloy. These second component consist of ferromagnetic
Cu–Co alloy (blocking temperature of about 35 K) and paramagnetic
Co particles with blocking temperature below 4.2 K. The structure
of the Cu–Co system was studied using XAFS spectroscopy by
Cezar et al. [14]. These authors observed small Co nanoparticles
with fcc structure and, that on the average, there are more Co than
Cu neighbors surrounding Co atoms in these samples. This result
suggests that the Cu–Co alloy observed by the 59Co NMR
experiment can actually be formed by very small clusters of Co
in Cu matrix.
3. Experimental details
Continuous ribbons of Cu90Co10 were obtained by melt spinning
in an Ar atmosphere using a Cu–Zr drum. A piece of the as-quenched
ribbon was subjected to furnace annealing at temperature of 500 1C
for 60 min in a controlled atmosphere (Ar). Magnetization measure-
ments were carried out using a Quantum Design physical property
measurement systemmodel 6000 in the temperature range 2–320 K.
Speciﬁc heat measurements between 1.3 and 20 K were performed
using a homemade quasi-adiabatic calorimeter with a pumped 4He
pot refrigerator [17]. Measurements between 75 mK and 2.0 K were
done on a different quasi-adiabatic calorimeter attached to the
mixing chamber of a S.H.E. commercial dilution refrigerator [18].
The results obtained from the two experiments overlap in the range
1.3–2.0 K.
4. Results and discussion
The Cu90Co10 samples were investigated through magnetization
as a function of temperature (ZFC and FC curves), magnetization up
to 90 kOe at 300 1C, and real (χ 0) and imaginary (χ″) components of
the ac susceptibility as a function of temperature taken at several
frequencies. As can be seen in Fig. 1, both ZFC and FC curves of the
annealed sample exhibit a typical behavior expected for a weak
interacting nanoparticle system with a small irreversibility between
ZFC and FC curves above the ZFC maximum. This irreversibility
persists up to room temperature as also observed in hysteresis loops
taken at different temperatures [19]. Although the ZFC curve of the
as-quenched sample is similar to that of the annealed one, there is a
signiﬁcant difference between FC curves at low temperature: while
the annealed sample magnetization increases continuously with
decreasing temperature, the as-quenched sample shows a maximum
at about 17 K and becomes almost temperature independent below
13 K, see the inset in Fig. 1. These results indicate the presence
of some magnetic coupling between the nanoparticles of the
as-quenched sample at low temperature [20].
The room temperature M(H) curves of both samples are shown
in Fig. 2 in units of μB per Co atom, calculated considering the
mass fraction of the samples occupied by the Co nanoparticles.
According to our previous studies the samples are well described
by a bimodal distribution of sizes [15,19,21]. As M(H) curves are
not very sensitive to the width of a mono-modal distribution of
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Fig. 1. ZFC and FC magnetizations versus temperature for both as-quenched and
annealed samples measured with a ﬁeld of 100 Oe. The inset shows a maximum in
FC magnetization curve of the as-quenched sample. The lines are guides to the eye.
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Fig. 2. Equilibrium magnetization measured at T¼300 K for both studied samples.
The lines represent the sum of two Langevin functions.
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sizes [23,22], we tried to ﬁt the experimental data by considering
only one Langevin function (for an average size). However, this
procedure did not work. Much better ﬁts were obtained by
considering two average magnetic moments (〈μ〉1 and 〈μ〉2) using
the following expression:
MðH; TÞ ¼ xmagMS AL 〈μ〉1HkBT
 
þð1AÞL 〈μ〉2H
kBT
  
; ð1Þ
whereMS ¼ 1:7 μB is the Co bulk magnetization, L is the Langevin
function, xmag is the fraction of Co which contribute to the
magnetization, and A is the relative fraction of 〈μ〉1. The para-
magnetic contribution of isolated Co ions (1xmag) was
neglected in this analysis, since it is too small to affect signiﬁ-
cantly the magnetization of the Co clusters [23]. The lines in
Fig. 2 were obtained from the best ﬁt parameters shown in
Table 1. As can be seen in Fig. 2, the experimental data of MðH=TÞ
obtained from both as-quenched and annealed samples are well
ﬁtted by Eq. (1).
According to this analysis, approximately 32% of the entire Co
population in the as-quenched sample does not cluster, presum-
ably consisting of isolated Co ions dissolved in the Cu matrix. This
result corroborates with 59Co NMR results [15]. In addition, these
results indicate that the as-quenched sample has a larger number
of very small nanoparticles (involving 44% of the entire Co
population) and the remaining 24% of the magnetic Co ions
forming larger nanoparticles. As will be shown later, the very
small nanoparticles dominates the magnetic properties at low
temperature, while the larger nanoparticles have a blocking
temperature in the 150–200 K range. The presence of a large
amount of isolated Co ions has an important role in mediating the
interaction among the smaller Co nanoparticles. By annealing the
sample, a large portion of the isolated Co ions diffuse, promoting
the increase of both small and large Co clusters. These results are
in contrast to the Co NMR study which found 22% of Co in the
paramagnetic state for an annealed sample at 500 1C. Note that the
ZFC and the FC of the as-quenched sample present a smaller
susceptibility value when compared to the annealed one. This
reﬂects the relatively large amount of isolated Co ions in that
sample.
The results in Table 1 also show that the magnetic moment of
both groups of nanoparticles increases, suggesting that the solute
Co ions in the as-quenched sample are distributed throughout the
Cu matrix.
Some authors argue that the decrease in interaction strength
among NPs observed for the annealed sample is due to the decreased
amount of Co ions dissolved in the Cu matrix [10,11]. However, our
results show that annealing promotes not only a decrease in the
amount of Co ions dissolved, but also increases the nanoparticle sizes
and consequently the magnetic anisotropy of nanoparticles. Aiming
to clarify this doubt and also validate the analysis performed in M(H)
curves, we investigated our samples by using ac susceptibility and
speciﬁc heat experimental techniques.
Fig. 3 shows the temperature dependence on χ 0 and χ″ for both
samples measured at different frequencies. As can be seen in Fig. 3
(a), for the χ 0 temperature behavior of as-quenched sample
resembles a typical cusp observed at the freezing temperature of
spin-glass systems [25]. On the other hand, the annealed sample
exhibits a typical χ 0ðTÞ related to a progressive blocking of super-
paramagnetic nanoparticles. In fact, the relative temperature shift
of the maximum temperature (Tmax) of χ″ per decade of frequency
ω, i.e. ΔTmax=Tmaxðlog ωÞ calculated for the as-quenched sample is
0.06, which falls within the range of spin-glass like systems; and
for the annealed sample, 0.13, which falls within the range of
interacting nanoparticle systems [24–26]. These results suggest
that the FC maximum observed at about 17 K for the as-quenched
sample can be associated with a SSG transition. Furthermore, it is
possible to see two maxima in χ″ðTÞ curve taken at 10 and 30 Hz
(the lowest frequencies used) for both as-quenched and annealed
samples, see Fig. 3. These maxima in χ″ðTÞ are in agreement with
the presence of a bimodal distribution of nanoparticles sizes in our
samples as considered in the M(H) curve ﬁts.
The scaling behavior of χ″ provides additional information
about particle interactions and the distribution of particle sizes.
For an ensemble of noninteracting magnetic nanoparticle the time
needed to reverse the magnetic moment of a nanoparticle by
thermal activation process is given by the Arrhenius law:
τ¼ τ0 expðKV=kBTÞ; ð2Þ
where the characteristic time constant τ0 usually falls in the range
1011 to 109 s, kB is the Boltzmann constant, K is the uniaxial
anisotropy constant, and V is the particle volume. KV represents
the energy barrier between two easy directions. By considering a
nanoparticle assembly with anisotropy axes oriented at random,
both χ 0ðTÞ and χ″ðTÞ can be expressed as a function of the
distribution of energy barrier associated with the distribution of
nanoparticle sizes [f(KV)] [23,10]. In particular the imaginary
component of the ac susceptibility is given by
χ″C
πM2s V
6
f ðKVÞ: ð3Þ
Table 1
Fitting parameters xmag, A, 〈μ〉1, and 〈μ〉2, obtained from M(H) curves.
Sample xmag ð%Þ A ð%Þ 〈μ〉1 (μB) 〈μ〉2 (μB)
As-quenched 68(1) 65(1) 380(12) 5.1(0.2)103
Annealed 93(1) 58(3) 1.0(0.1)103 7.0(0.6)103
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Fig. 3. Real and imaginary susceptibility components of the as-quenched (a) and
annealed (b) samples measured at different frequencies.
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Thus by comparing Eqs. (2) and (3) one can observe that χ″ðTÞ
curves measured for various frequencies are identical when
plotted as a function of the scaling variable T lnð1=ωτ0Þ [23,10].
As the effect of interparticle interactions cannot be easily included
in this framework, the same equation is normally used for
interacting particle systems, but in this case, usually a weaker
frequency dependence χ″ðTÞ is observed. In Fig. 4 we show the
result for the as-quenched and for the annealed sample. The
values of τ0 were determined by considering the best scaling in
region of temperature near the maxima of χ″. We obtained
τ0 ¼ 5:0 1019 s for the as-quenched sample and τ0 ¼ 1:0
1011 s for the annealed sample. For an ensemble of particles
with a multi-modal distribution of particle sizes χ″ðTÞ is expected
to present more than one maximum, but even in this case, it is
expected that the data of χ″ collapses into a master curve.
However, although our samples have a bimodal distribution of
particles sizes, we observed a signiﬁcant deviation of the master
curve in the region above the low temperature maximum of χ″ðTÞ
mainly for the as-quenched sample. This deviation is related to
different values of τ0 for the two groups of particles size. The τ0
value in the range associated with a SSG behavior was obtained
from the analysis of the main maximum of χ″ðTÞ of the
as-quenched sample. Therefore, the analysis of the χ″ master
curve indicates that the SSG transition occurs only for the group
of nanoparticles with small magnetic moment and the other group
(higher magnetic moments) is weakly affected by the interparticle
interactions, see Fig. 4(a).
It is worth mentioning that theoretical calculations of interaction
between NPs in a nonmagnetic metallic matrix have shown that the
magnetostatic interaction tends to suppress the RKKY effect in NPs
larger than a critical diameter [27,28]. These results are in agreement
with our experimental ﬁnding which show that only small NPs
present the dynamical behavior typical of SSG transition.
4.1. Speciﬁc heat
In this section we show that more information about the
morphology of our sample can be obtained by using low
temperature speciﬁc heat, when compared with magnetic results.
Speciﬁc heat was measured between 0.075 and 14.0 K on both
as-quenched and annealed samples and shown in Fig. 5(a). Below
0.5 K the rapid increase of Cp as T-0 (see the inset of Fig. 5(a)) is
attributed to the hyperﬁne contribution of Co as observed in early
studies of Au–Co alloys [29].
The effects of solute Co atoms on the speciﬁc heat can be
inferred considering all the relevant contributions to the low
temperature speciﬁc heat, i.e. the sum of lattice, electronic and
hyperﬁne contributions [30]:
c¼ βT3þγTþAT 2: ð4Þ
The hyperﬁne term arises from the interactions between the
nuclear magnetic moment I of the 59Co nuclei and the hyperﬁne
ﬁeld HN (the contribution from Cu nuclei is negligible, owing to its
very small nuclear magnetic moment). The speciﬁc heat of the
samples is plotted as Cp=T versus T2 in Fig. 5(b). According to
Eq. (4) and the results displayed in Fig. 5(b) in the temperature
range 1–14 K where hyperﬁne contribution can be neglected, we
found that the lattice contribution is almost the same for both
samples, however, the as-quenched sample has higher value of γ
than that of the annealed sample. The extra contribution in the as-
quenched sample was obtained by subtracting the annealed
speciﬁc heat from the as-quenched sample and plotted as a
function of temperature in Fig. 5(c). As can be seen in this ﬁgure
the excess speciﬁc heat of the as-quenched sample has a linear
variation with temperature. Such behavior is claimed to be a
common feature of spin-glass systems [25].
We also note that the speciﬁc heat below 1 K is also dependent
on dissolved Co ions in the host. In this temperature range the
lattice contribution can be neglected and the electronic and
hyperﬁne terms are determined from a CpT2 versus T3 plot shown
in Fig. 5(d). The best ﬁt parameters obtained from this analysis are
displayed in Table 2. This analysis leads to a γ ¼ 4:81 mJ=mol K2 for
the as-quenched sample that is clearly enhanced compared to
γ ¼ 2:40 mJ=mol K2 of the annealed sample. The larger γ value is
generally related to disorder affecting the spin of impurities in the
host material for spin-glass systems [25]. However, for several
diluted alloys of elements of near atomic number and similar
atomic radii, as in case of Co–Cu, the elements go into the matrix
without any appreciable change of crystal structure and hence the
speciﬁc heat is mostly determined by the variation in density of
states at the Fermi surface (NðϵF Þ) [30], trends which will be
discussed later.
Tournier and Blandin studied magnetic properties of Cu–Co for
different Co concentrations and concluded that only groups of
three (or more) Co atoms carry a magnetic moment [31]. At low
temperature the isolated Co impurities are nonmagnetic with a
high spin-ﬂuctuation temperature (Kondo temperature E500 K)
and the isolated pairs of neighboring Co atoms are very nearly
magnetic. These properties were conﬁrmed by speciﬁc heat
experiments performed at very low temperature by Costa-
Ribeiro et al. [29]. These authors argue that hyperﬁne contribution
is mainly produced by the effective ﬁeld (HN) of the ordered
magnetic Co atoms on their own nucleus and hence proportional
to the concentration of magnetic clusters of Co in the host (xmag).
For a nucleus with a nuclear spin I (I¼ 72 for Co) the coefﬁcient A of
hyperﬁne contribution is given by
A
T2
¼ xmagNkB
3
ðIþ1Þ
I
μHN
kT
 2
; ð5Þ
where xmag is the magnetic fraction of Co in the sample, N is
Avogadro's number, and kB is the Boltzmann constant. Therefore, it
is possible to estimate the fraction of magnetic atoms of Co by
using Eq. (5) and assuming the hyperﬁne ﬁeld obtained for hcp Co
(HN ¼ 225 kOe) [32] for both as-quenched and annealed samples.
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By doing that we obtain the value indicated in Table 2. The result
obtained here for xmag of the annealed sample is in good agreement
with that obtained fromM(H) curves in Section 4, see Table 1. On the
other hand, the value obtained here for the as-quenched sample is
lower than that determined byM(H) analysis. These results should be
associated to the use of an inappropriate value of HN for the as-
quenched sample which has smaller nanoparticles and hence a
smaller value for HN than the Co bulk value is expected. In fact, by
using the HN value obtained by Costa-Ribeiro et al. experiments in
low Co concentration (190 kOe) results that 75% of entire Co atoms in
the as-quenched sample are magnetic.
Therefore, the analysis of speciﬁc heat below 1 K shows that
the as-quenched samples have a large number of nonmagnetic Co
atoms dissolved in the Cu matrix and a higher γ value compared to
the annealed sample. These results suggest that the Co ions
increase in NðϵF Þ which leads to a enhancement of the RKKY
interaction among nanoparticles of the as-quenched sample.
However the RKKY gives rise to the SSG state only for the group
of small NPs, being the interaction between larger NPs dominated
by dipolar coupling.
5. Conclusion
In conclusion, the present magnetization and ac susceptibility
analysis, together with speciﬁc heat characterization, revealed a spin
glass like transition in the as-quenched Cu90Co10 sample. We
observed that this transition happens with Co nanoparticles with
very low magnetic moment interacting by RKKY interaction
enhanced by Co atoms dissolved in the Cu matrix. A simple analysis
of magnetization curves is presented which provides important
information about the magnetic nanostructure of Cu90Co10 samples
(Eq. (1)). This procedure can be applied to the study of other systems
with a bimodal distribution of magnetic particles size (or energy
barriers). The estimate of isolated Co dissolved in the host obtained
by this procedure is in agreement with the speciﬁc heat analysis
performed at very low temperature range.
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